Regulation of cell division in adult tissues and organs requires the coordination of growth factors at the surface of potentially-dividing cells in specific anatomic loci named germinal niches.
Introduction
We previously identified extracellular matrix (ECM) structures in the adult mammalian brain 1,2 that differ from the three recognized categories of ECM, namely the interstitial matrix, the basement membrane and the glycocalyx [3] [4] [5] [6] . This new ECM consists of myriads of individual fractal-shaped microstructures that we have named fractones 1 . The fractal structure 7 , unique amongst the ECM, allows each individual fractone to contact the processes of numerous neighboring cells in a minimal space 1, 2 . This is illustrated here in Figs. 1a-1c. Due to their high electron density, the fractone ultrastructure is directly visible by transmission electron microscopy (Figs. 1b and 1c). However, fractones are too small to be visualized as fractals by light microscopy and appear as punctae after fluorescence immunolabeling for laminin (Fig. 1f) , nidogen, collagen-IV or heparan sulfate proteoglycans (HSPG) (Fig. 1d ) and 1, 2, 8 . These molecules are also found in basement membranes [9] [10] [11] , the specialized mats of ECM that interface connective tissue with the parenchyma of organs and tissues. Thus, despite their unique morphology, fractones chemically resemble basement membranes.
In the adult mammalian brain, fractones are exclusively located in the walls bordering the ventricles, assembled in series at the interface between the ependyma and the subventricular zone We are just beginning to investigate the function of fractones. We have previously shown that fractones directly contact neuroblasts and potential neural stem cells in the SVZ of the anterior lateral ventricle (SVZa) 1 , the principal residence of neural stem cells 12, 13 and a major neurogenic zone in adulthood 14, 17 . The SVZa is responsible for the generation of both neurons and glia, which then migrate to colonize other brain zones 18 . We also demonstrated that fractones and specialized blood vessels of the SVZa specifically capture and concentrate the mitotic/neurogenic factor fibroblast growth factor-2 (FGF-2) in vivo 8 . Based on these findings, we hypothesize that fractones participate to the regulation of cell division and cell differentiation in the SVZa. It is anticipated that regulation of cell division and cell differentiation by growth factors requires mechanisms of selection, activation and coordination of growth factors in the stem cell niches. Fractones and other ECM may perform this function via HSPG and chondroitin sulfate proteoglycans (CSPG). It is known that HSPG located in the extracellular space capture, store and target growth factors such as fibroblast growth factor-2 (FGF-2), granulocyte macrophage colony stimulating factor (GM-CSF) and bone morphogenetic protein-4 (BMP-4) towards cell surface receptors to control mitosis and cell differentiation [19] [20] [21] [22] [23] [24] 
Results

Fractones and vascular basement membranes of the SVZa capture BMP-7
To investigate the potential of fractones to capture growth factors, we intracerebroventricularly (ICV) injected BMP-7 tagged with biotin in the adult mouse brain. The sites of capture (binding) of biotinylated-BMP-7 were visualized with streptavidin Texas red on frozen sections of the brain, 22 hours after injection. Figure 2a shows biotinylated BMP-7 concentrated as punctae in the SVZa, a diffuse pattern in the choroid plexus, and no detectable binding elsewhere. Immunolabeling for the ECM marker N-sulfates heparan sulfates (NS-HS, antibody 10E4) (Fig. 2b) , a specific specific for fractones, meninges and rare blood vessels (primarily those of the SVZa) 8 , indicated a correspondence between BMP-7 binding sites and 10E4 immunoreactivity (compare Figs. 2a and 2b ). Magnified fields in Figs. 2c and 2d revealed that the majority of BMP-7 binding sites were sharp punctae with a diameter < 5 µm corresponding to fractones. However, we also detected BMP-7 binding sites/10E4
immunolabeled structures that correspond to the typical cylindrical pattern of blood vessels with a diameter > 6 µm). The distinction between fractones and blood vessels of the SVZa by the morphological pattern of 10E4 or laminin immunolabeling is discussed in our previous publications 1, 2, 8 . The strict coincidence between the binding sites of BMP-7 and immunolabeling for 10E4 strongly suggests that BMP-7 binds to fractones and to the basement membranes of blood vessels supplying the SVZa. The position of vascular basement membranes within the blood vessel walls and the typical branched pattern of vascular basement membranes in the SVZa are documented in our previous publications 1, 25, 26 .
Interestingly, blood vessels located beyond the SVZa did not significantly bind BMP-7, as illustrated by the absence of detectable binding in the corpus callosum or fimbria hippocampus in Fig. 2a . Therefore, BMP-7 specifically bound to blood vessels in the SVZa, immunoreactive for NS-HS and visualized with the antibody 10E4. Figures 2h and 2i show that BMP-7 was also concentrated by fractones and vascular basement membranes in the walls of the fourth ventricle (arrow) and meninges projecting to the fourth ventricle (arrowhead). BMP-7 binding occurred in fractones of the third ventricle as well (not shown).
Co-localisation of BMP-7 binding sites with N-sulfated heparan sulfate domains
Deglycanation by heparitinase-1 was used to cleave heparan sulfate chains in vivo and to determine whether the binding of BMP-7 to fractones and SVZa blood vessels still occurs without heparan sulfates. Under these experimental conditions, the binding of BMP-7 disappeared completely from fractones and blood vessels (Fig. 2f ). This strongly suggests that the binding of BMP-7 occurred via heparan sulfates.
BMP-7 inhibits cell division in vivo in the SVZa
We next determined the effect of BMP-7 on cell proliferation in the SVZa. BMP-7 is an inhibitor of NSC proliferation in vitro 27 , but to our knowledge, BMP-7's anti-neurogenic activity has not been demonstrated in vivo. Two single injections of BMP-7 were performed in adult mice, and the effect on cell proliferation measured four days after the first injection. To visualize cells that initiate mitosis (DNA replication, phase S), a single intraperitoneal injection of bromodeoxyuridine (BrdU) was performed six hours prior to animal termination. BrdUimmunoreactive cells were counted on series of coronal frozen sections containing the anterior portion of the lateral ventricle, each series on a minimum of three animals. Figures 3a and 3b show that BMP-7 strongly inhibited mitosis phase S in the SVZa. A reduction of cell proliferation by a factor of 3.5 was observed relative to the control (ICV injection with artificial CSF, Fig. 3a) . Average values for cell counts throughout brain sections are reported in Fig. 3d and Although the binding of BMP-7 was more frequently visualized in fractones than in vascular basement membranes (Fig. 2) , it is impossible to speculate on the relative role of fractones versus SVZa as crucial promoters of BMP-7 to mediate the inhibition on cell division in the SVZa. To determine the effect of heparitinase-1 on the physiological rate of cell proliferation in the SVZa, other groups of mice were treated with injection of heparitinase-1 only. Heparitinase-1 on its own induced a slight but significant increase of the basic rate of cell proliferation (Figs. 3A and 3D, and complete cell counts provided in Table 1 ). Since these experiments have been performed in vivo, it is likely that endogenous growth factors are affected by heparitinase-1, and therefore that our results reflect the cumulative effect of heparitinase-1 on the injected plus endogenous growth factors. An overall interpretation of the results is provided in the discussion of this manuscript.
Co-localisation of FGF-2 binding sites with N-sulfated heparan sulfate domains
We previously reported that FGF-2, a mitotic factor in the adult neural stem cell niche 28 , exclusively binds to fractones and vascular basement membranes in the walls of the lateral ventricle in the adult mouse 8 . However, the location of FGF-2 binding along the ventricular system was not detailed and the possible co-localization of FGF-2 binding with immunoreactivity for N-sulfated heparan sulfate domains (antibody 10E4) was not investigated. 
FGF-2 binding to fractones and vascular basement membranes of the SVZa is independent from the site of intracerebral injection
To further explore the capacity of fractones and adjacent vascular basement membranes to specifically capture FGF-2, we injected biotinylated FGF-2 in the dorsal cortex, instead of ICV.
In these conditions, FGF-2 was captured by NS-HS immunoreactive fractones in the SVZa of the lateral ventricle (Figs. 5d-5f ). This further supports the view that the binding of FGF-2 to fractones is specific and independent from the site of injection in the brain. To investigate the toxicity of deglycanation in vivo, we examined the dynamic of recovery of NS-HS domains after in vivo enzymatic degradation by heparitinase-1, using immunolabeling for 10E4. Figure 6d shows that immunoreactivity for 10E4 has fully recovered 48 hours after ICV injection of heparitinase-1. Therefore, our in vivo experimental protocol of deglycanation appears appropriate for examining the effect of the binding loss on cell division in the SVZa.
FGF-2 cannot efficiently stimulate cell proliferation in the SVZa when co-injected with heparitinase-1
Finally, to determine whether the mitotic effect of FGF-2 requires the binding of FGF-2 to fractones and SVZa basement membranes, we examined the effects of FGF-2 on cell division in the SVZa after injection of FGF-2 or after successive injections of heparitinase-1 and FGF-2.
Cell division was analyzed by counting BrdU immunoreactive cells in the walls of the lateral ventricle, using serial coronal sections of the brain, which comprise the SVZa. FGF-2 injected alone generated a 390% increase in the rate of cell proliferation in the SVZa, compared to the basic rate (Figs. 7a and 7c) . However, when FGF-2 binding was prevented by heparitinase-1 treatment, the rate of cell proliferation in the SVZa increased by only 50% (Fig. 7f) . Complete
BrdU-immunoreactive cell counts throughout the SVZa are reported in supplemental results, table 1 (serial sections cut in the coronal plane). We also performed additional experiments, using the same injections but on series of animals in which dividing cells were counted in sagitally-cut brain sections (supplemental results, table 2). The results were similar to those obtained for coronal sections. These results strongly support the view that FGF-2 binding to fractones and SVZa basement membranes is required for the mitogenic effect of FGF-2 in the SVZa. Fig. 8 illustrates the interpretation of these results as well as those found for BMP-7.
Discussion
The data from this study suggest that BMP-7 and FGF-2 must be captured by heparan sulfates located in fractones and SVZ basement membranes to modulate cell division in the SVZ neurogenic zone. We show in vivo that heparitinase-1 deglycanation eliminates the specific Additionally, the FGF/heparan sulfate complex enters the cell nucleus by endocytosis to directly influence genes that are responsible for cell division 23 .
The interaction of heparan sulfates with mediators in the ECM is not restricted to activation of the cell-surface receptors. Heparan sulfates also protect mediators from enzymatic degradation and serve as storage for mediator delayed activation 34 . A third role of heparan sulfates is to recruit and activate mediators at specific anatomical sites. Whereas several HSPG such as glypicans and syndecans are located in the interstitial matrix at the cell surface 32 , other HSPG, such as perlecan 22 , agrin 35 44 .
Therefore, the location of NS-HS immunolabeling (Figs. 2, 4 and 5) may reflect potential niches
for multiple growth factor binding.
The question arises as to how heparan sulfates discriminate growth factors throughout the SVZ. It is known that epimerases, sulfatases and sulfotransferases operate in the Golgi apparatus and in the extracellular space to produce a high diversity of HS chains 45, 46 . We anticipate that the structural diversity of heparan sulfates, together with the diversity of the proteoglycan core (perlecan, agrin, collagen XVIII) reflects the binding specificity for heparin-binding growth factors throughout the SVZ. The pattern of heparan sulfates and of their sulfation may provide specific instruction for capturing a given ligand that will mediate the specificity of ligand/receptor interactions and ultimately the biological activity promoted by the ligand. This hypothesis has been already successfully examined for axon guidance 47 .
Supporting the strong implication of heparan sulfates in other stem cell niches, it has been recently demonstrated in vitro that heparan sulfates act as promoters of mesenchymal stem cell proliferation and differentiation 48 . It is now important to determine whether the macrophage/microglia associated with fractones and with the SVZa perivasculature 1,2 produce HSPG and control the dynamic information encoded within fractones to control cell division.
Macrophage/microglia can produce HSPG 42, 49 and are involved in the process of adult neurogenesis 50 .
Conclusions
Fractones and specialized vascular basement membranes were found to be essential for the 
Microscopy
The results were recorded with a Zeiss Pascal confocal laser scanning microscope or a digital DFC350FX Leica camera mounted on a Leica DMIL epifluorescence microscope. In both cases, Plan Apo dry objectives were used. Images were processed with Adobe Photoshop CS3 (Adobe Systems, Mountain view, CA). Numerous images displayed (such as Figs. 4A and B, 6E) originate from X-Y montages of single images captured with a high magnification objective.
This allowed us to obtain large fields of view, with a high resolution. Adjustments for brightness and contrast were not done or were minimal. Transmission electron microscopy was performed as previously published 1, 25 . 
Effect of injecting FGF
Immunocytochemistry
The immunocytochemistry procedures were performed as described 25 on serial frozen sections fixed with acetone at -20C. Subsequent immunolabeling with an additional 4% PFA fixation prior to 2NHCL treatment was used for BrdU immunocytochemistry. Fractones, blood vessels and choroid plexus were labeled with the anti-laminin antibody (L9393, Sigma, St. Louis, MO) or the anti-N-sulfate glycosamine antibody (10E4, Seikagaku, Japan), then visualized with
